Background: During epithelial morphogenesis, a complex comprising the bPIX (PAK-interacting exchange factor b) and class I PAKs (p21-activated kinases) is recruited to adherens junctions. Scrib, the mammalian ortholog of the Drosophila polarity determinant and tumor suppressor Scribble, binds bPIX directly. Scrib is also targeted to adherens junctions by E-cadherin, where Scrib strengthens cadherin-mediated cellcell adhesion. Although a role for the Scrib-bPIX-PAK signaling complex in promoting membrane protrusion at wound edges has been elucidated, a function for this complex at adherens junctions remains unknown. Results: Here, we establish that Scrib targets bPIX and PAK2 to adherens junctions where a bPIX-PAK2 complex counterbalances apoptotic stimuli transduced by Scrib and elicited by cadherin-mediated cell-cell adhesion. Moreover, we show that this signaling pathway regulates cell survival in response to osmotic stress. Finally, we determine that in suspension cultures, the Scrib-bPIX-PAK2 complex functions to regulate anoikis elicited by cadherin engagement, with Scrib promoting and the bPIX-PAK2 complex suppressing anoikis, respectively. Conclusions: Our findings demonstrate that the Scrib-bPIX-PAK2 signaling complex functions as an essential modulator of cell survival when localized to adherens junctions of polarized epithelia. The activity of this complex at adherens junctions is thereby essential for normal epithelial morphogenesis and tolerance of physiological stress. Furthermore, when localized to adherens junctions, the Scrib-bPIX-PAK2 signaling complex serves as a key determinant of anoikis sensitivity, a pivotal mechanism in tumor suppression. Thus, this work also reveals the need to expand the definition of anoikis to include a central role for adherens junctions.
Introduction
The importance of epithelial architecture in the suppression of tumorigenesis is highlighted by recent work, but many of the underlying mechanisms remain elusive [1] . Genetic screens in Drosophila have identified several protein complexes that serve not only as essential regulators of epithelial polarity but also as potent tumor suppressors [2] . Loss of the Drosophila polarity protein Scribble (Scrib) facilitates metastatic dissemination of tumors initiated by oncogenes such as Ras or Notch. Surprisingly, in mammals, Scrib has not been found to play an essential role in polarity establishment. In polarizing epithelial cells, Scrib is recruited to adherens junctions in response to E-cadherin engagement where it promotes junctional stability and inhibits motility [3, 4] . Scrib associates directly with the Rho family guanine nucleotide exchange factor bPIX (PAK-interacting exchange factor b) [5] . The best-characterized role of the Scrib-bPIX complex is in promoting actin polymerization and membrane protrusion at the leading edge of motile cells [2] . However, in polarized epithelial cells, bPIX localizes to adherens junctions [6] . Here, we demonstrate that when localized to adherens junctions, Scrib and bPIX, together with the p21-activated kinase 2 (PAK2), play essential roles in modulating cell-cell contactdependent survival signaling, which impact our current understanding of Scrib and cadherins as epithelial tumor suppressors.
Results

bPIX Is an Essential Epithelial Survival Factor
To elucidate the role of bPIX and associated molecules in cell-cell contact-dependent signaling, we utilized inducible expression of short hairpin RNAs (shRNAs). Madin-Darby Canine Kidney (MDCK) cells expressing a previously validated bPIX shRNA [7] exhibited robust knockdown of bPIX (bPIX-kd) in the presence of doxycycline (dox) but no appreciable knockdown in the absence of dox (see Figure S1A available online). Because no cell line showed knockdown in the absence of dox, all subsequent experiments were performed under induced conditions with vector transduced MDCK cells serving as negative control ( Figure S1B) .
bPIX knockdown at low cell density resulted in fully viable cultures, which exhibited disorganized monolayer morphology and enhanced cell spreading ( Figure S1C ). bPIX-depleted MDCK cells could readily be propagated, provided the cultures were maintained at sparse density. However, at high density, bPIX-kd cultures succumbed to what visually appeared to be substantial apoptotic death ( Figure S1C ). To better define the role for bPIX in survival signaling, we devised a strategy for acutely inducing high-density cell-cell contact in adherent cultures. In this protocol, cells from fully viable low-density cultures are harvested and replated at confluent density and form a well-organized monolayer with no cell multilayering. Under these conditions, both control and bPIXdepleted cells rapidly adhered to the culture plate and established intercellular adhesions ( Figure 1A ; adherent). Acute replating of bPIX-kd cells at confluent density again resulted in apparent apoptotic cell death, evidenced by the accumulation of detached cells in the medium ( Figure 1A ; detached). In contrast, minimal death was observed in control cells. Whereas we detected very few TUNEL-positive adherent cells in bPIX-depleted cultures, the vast majority of detached cells stained positively ( Figure 1B ). This result suggested that high-density contact of bPIX-kd cells elicited apoptosis, which was followed by rapid cell extrusion. To confirm this, we treated bPIX-kd cells with the pan-caspase inhibitor z-VAD-FMK at the time of replating. Although z-VAD-FMK treatment did not prevent morphological effects of bPIX-depletion ( Figure 1A ; adherent), it attenuated cell death, as well as cell detachment ( Figure 1A ; detached). Examination of the extrusion process revealed the formation of a purse string around apoptotic cells in the process of extrusion. The purse string was enriched in actin and the tight junction constituent ZO-1, akin to processes previously reported to play important roles in tissue homeostasis (Movie S1) [8] . To rule out off-target effects, we generated additional shRNAs targeting bPIX, which similarly elicited apoptosis upon replating, as evidenced by cleavage of the DNA-binding protein poly (ADP-ribose) polymerase (PARP) ( Figure 1C) . shRNAs eliciting the most effective knockdown resulted in the highest levels of apoptosis ( Figure S1D ).
To better evaluate the loss of viability observed in bPIX-kd cultures, we employed a trypan blue exclusion assay to calculate cell numbers following high-density replating. As expected, bPIX-depletion resulted in a rapid and highly significant reduction in cell numbers, showing an approximately 50% and 70% reduction in viable adherent cells after 1 and 2 days, respectively ( Figure 1D ). Moreover, when plated on permeable supports and grown to confluence, bPIX-deficient cells formed confluent monolayers of highly spread cells with electrical resistance above controls, thus indicating that gross assembly of junctional complexes remains intact ( Figure S1E ). Despite robust BrdU incorporation, bPIX-kd cells achieve a maximum cell density that is 15% of control cells (6.6 3 10 5 versus 4.4 3 10 6 cells per 35 mm dish), at which point cell death and proliferation are in equilibrium ( Figure S1F ). Taken together, these results indicate that bPIX-deficient cells have a specific defect that renders them exquisitely sensitive to apoptosis upon cell-cell contact.
bPIX Confers Protection against Anoikis Anoikis is presently defined as apoptosis elicited by deprivation of cell-matrix contact and acquisition of anoikis resistance is thought to represent an obligate step in tumor progression [9, 10] . Nevertheless, normal epithelial cells grown in suspension rapidly reestablish functional cadherin-based adhesion, and a potential influence of cadherin adhesion on modulation of anoikis has largely been overlooked. Yet, many proteins, which have been assigned a function in suppression of anoikis due to their effects on cell-matrix adhesion, also signal at adherens junctions in polarized epithelia [11] [12] [13] . Our previous work established that bPIX translocates from focal adhesions in subconfluent cells to adherens junctions in confluent monolayers [6] . In this context, our current findings demonstrating that apoptosis in bPIX-depleted MDCK cells resulted from density-dependent apoptotic stimuli lead us to investigate a role for bPIX in anoikis. To this end, viable low-density cultures of control and bPIX-kd cells were trypsinized and cultured in suspension at 1 3 10 6 cells/ml. At this density, MDCK cells rapidly undergo E-cadherin-dependent aggregation. Although control cells cultured under these conditions remained viable for many hours, bPIX-depleted cells exhibited rapid cell death, as evidenced by phase contrast microscopy and trypan blue permeability ( Figures S2A and S2B) . Moreover, bPIX-kd cells showed enhanced PARP cleavage, indicating that cell death resulted from apoptosis (Figures 2A  and 2B ). The obligatory requirement for bPIX signaling to suppress anoikis extended to immortalized but nontransformed porcine renal LLC-PK1 cells, as well as the relatively well-differentiated human mammary carcinoma cell lines T47D and MCF7 ( Figures 2C and 2D ).
Cadherins Are Required for Eliciting Apoptosis in bPIX-Depleted Cells We next determined the role of cadherins in anoikis elicited by bPIX-depletion. MDCK cells express high levels of E-cadherin and cadherin-6 [3] . In addition, lower levels of seven other cadherins are expressed, as determined by mRNA profiling of MDCK cells (Table S1 ). To avoid confounding effects stemming from functional redundancy of cadherin family members, we decided to abrogate cadherin-mediated cell-cell adhesion by knockdown of a-catenin ( Figure S1B ) [14] . Knockdown of a-catenin disrupted E-cadherin-dependent adhesion, as evidenced by reduced cell aggregation in suspension (Figure S3A) . Control, bPIX-kd, a-cat-kd, and bPIX+a-cat-kd cells Detached cells were labeled with DRAQ5 to detect nuclei (blue), while adherent cells were also immunostained to detect E-cadherin (red). Scale bars for adherent and detached cells correspond to 10 mm and 100 mm, respectively. (C) Sparse cultures of control or bPIX-kd cell lines were replated at high density and cultured for 16 hr. Total cell lysates of pooled adherent and detached cells were immunoblotted for bPIX, PARP, and ERK. The 24 kD PARP cleavage product generated in apoptotic cells is shown for the three most potent shRNAs targeting distinct sequences in bPIX. (D) Sparse cultures of control or bPIX-kd cells were replated at high density. After 1 and 2 days in culture, viable adherent cells, identified by trypan blue exclusion, were counted. The graph shows the number of cells determined in triplicate from a representative experiment (n = 3). See also Figure S1 and Movie S1.
were cultured overnight in suspension and pelleted onto coverslides. Knockdown of a-catenin resulted in a dramatic reduction in anoikis of bPIX-kd cells that was accompanied by internalization of E-cadherin ( Figure S3B ).
FITC-VAD-FMK binds irreversibly to activate caspases and provides a quantitative method for assaying apoptosis on a cellular level. When cultured in suspension, bPIX-kd cells stained positively for FITC-VAD-FMK ( Figure 3A ). To quantify anoikis, FITC-VAD-FMK labeled control, bPIX-kd, a-cat-kd, and bPIX+a-cat-kd cells were analyzed by flow cytometry ( Figure 3B ). Forward and side scatter analysis revealed the presence of two distinct populations. Cellular debris including late apoptotic cells, which exhibit low forward and side scatter, are prominent in bPIX-kd samples ( Figure 3B ; blue arrow). These were necessarily excluded from the subsequent analysis, even though it led to an underestimation of the effects of bPIX-depletion on anoikis. The remaining bPIX-kd cells exhibited intense fluorescence labeling with FITC-VAD-FMK ( Figure 3C ; ''dead''), with w50% of bPIX-kd cells positively labeled compared to w15% of control cells ( Figure 3D ). Consistent with a potential proapoptotic function for E-cadherin, we observed a reduction in FITC-VAD-FMK labeling of a-catkd cells ( Figure 3C ). Importantly, when compared to bPIX-kd cells, bPIX+a-cat-kd cells exhibited significantly diminished anoikis ( Figure 3D ). a-catenin-kd also conferred sustained and robust protection against anoikis at 16 hr when apoptosis in bPIX-kd cells is well past peak death ( Figure S2B ).
We next probed the effects of a-cat-kd on apoptosis elicited by bPIX-depletion in adherent cells plated at high cell density. To this end, control, bPIX-kd cells, and bPIX+a-cat-kd cells propagated at low cell density were replated at confluent density and total cell lysates prepared 0, 4, 8, and 12 hr after replating. Compared to bPIX-kd cells, bPIX+a-cat-kd cells exhibited significantly reduced PARP cleavage, suggesting that cadherin-mediated cell adhesion promoted apoptosis in bPIX-kd cells ( Figures 3E and 3F ).
Anti-apoptotic functions independent of its role in cadherin-mediated adhesiveness have been invoked for a-catenin [15] . Therefore, as an alternate approach, we expressed dominant-negative E-cadherin (DN-E-cad) to perturb cadherin function and determined the effects on anoikis in MDCK cells. Figure S2C , for the results shown in (C) is presented as mean 6 SD of three experiments for each of LLC-PK1, T47D, and MCF7 cells (*p < 0.05; **p < 0.02; ***p < 0.01). It should be noted that, using a rhodamine-labeled duplex to estimate transfection efficiency, approximately 30% of cells did not take up siRNA. Thus, the results underestimate the effects of bPIX-depletion on anoikis. See also Figure S2 . (E) Dox-treated control, bPIX-kd, and bPIX+a-cat-kd cells were replated at high cell density and processed for immunoblotting to detect cleaved PARP.
(F) The PARP signal from the representative experiment shown in (E) was quantified by densitometry and presented as a percent of the signal at the 12 hr time point for bPIX-kd cells. See also Figure S3 and Table S1 .
Expression of DN-E-cad conferred protection against anoikis ( Figures S3C and S3D ). DN-E-cad also significantly attenuated anoikis elicited by depletion of bPIX ( Figures S3E and S3F ). Collectively, these data established that bPIX plays a fundamental role in suppression of apoptosis promoted by cadherin engagement, in both adherent and suspension cultures. Moreover, these results clearly demonstrate the fundamental role that adherens junction assembly plays in epithelial cell viability.
Scrib Sensitizes Epithelial Cells to Apoptosis
Scrib requires E-cadherin for targeting to lateral membranes where Scrib stabilizes adherens junctions [3, 4] . Moreover, bPIX binds directly to one or more PDZ interaction domains found in Scrib [5, 16] . Therefore, we determined whether Scrib was essential for proper localization of bPIX to adherens junctions. Although Scrib remained associated with lateral membranes in bPIX-depleted cells ( Figure S4A ), knockdown of Scrib prevented bPIX from localizing to adherens junctions ( Figure S4B ). In contrast, bPIX was retained at focal adhesions in Scrib depleted cells ( Figures S4C and S4D ), thus demonstrating that the requirement for Scrib to recruit bPIX was confined to adherens junctions. To delineate the link between Scrib and bPIX, we first compared the magnitude of apoptosis induced by replating of bPIX-kd and bPIX+Scrib-kd cells at high density. As determined by PARP cleavage, apoptosis of bPIX-kd cells was virtually blocked by the concomitant knockdown of Scrib, suggesting that Scrib sensitizes cells to apoptosis triggered by cadherin-mediated cell-cell adhesion ( Figures 4A and 4B) . Importantly, knockdown of Scrib expression did not affect bPIX levels and vice versa ( Figure S1B ). Next, we compared the effects of knocking down Scrib in control and bPIX-depleted cells grown in suspension. In contrast to the significant acceleration of anoikis observed upon depletion of bPIX alone, knockdown of Scrib resulted in attenuated anoikis both in control cells and bPIX-kd cells ( Figures 4C and 4D) , as well as reduced cadherin-dependent cell aggregation ( Figure S3A ). Collectively, these results establish that, in the absence of bPIX, Scrib functions as a potent sensitizer of apoptosis promoted by cell-cell contact.
PAK2 Signals Downstream of bPIX to Promote Epithelial
Cell Survival PAKs 1-6 are divided into class I and class II, comprising PAKs 1-3 and 4-6, respectively, of which only class I PAKs bind bPIX [17] . PAKs promote survival via phosphorylation of targets such as BAD [18] . Knockout of PAK2 but not PAK1 is embryonically lethal in mice [17] . Therefore, as MDCK cells express PAK1 and PAK2 [6] , we determined the effects of PAK1 or PAK2 depletion on cell survival. Mirroring the effects of bPIX depletion, PAK2 knockdown resulted in cell death at high cell density ( Figure 5A ), an effect observed with five shRNAs targeting distinct sequences in the PAK2 mRNA ( Figure 5B ; for quantification see Figure S5A ). In contrast knockdown of PAK1 failed to elicit apoptosis at high cell density ( Figure S5B ). Moreover, in contrast to knockdown of PAK2, which significantly augmented anoikis, knockdown of PAK1 yielded only a minor increase in anoikis ( Figures S5C and S5D) .
Sensitization to apoptosis in replating and anoikis assays was observed with a total of eight shRNAs and two small interfering RNAs (siRNAs) yielding highly efficient knockdown of either bPIX or PAK2. To further control for off-target effects, we generated cells constitutively expressing Myc-tagged human PAK2, which is resistant to knockdown by PAK2 shRNA#5 ( Figure 5C ). Although expression of exogenous PAK2 alone had no detectable effect on viability, it completely rescued anoikis elicited by knockdown of endogenous PAK2 ( Figures 5C and 5D ). To formally test whether the kinase activity of PAK2 and formation of a bPIX-PAK2 complex is required to confer protection against anoikis, we expressed Myc-tagged, kinase-dead PAK2(K278R) or PAK2(K278R/ P185G/R186A), termed PAK2(K278R/DPIX), a kinase-dead PAK2 mutant deficient in bPIX-binding, under control of the TetR in MDCK cells. Expression of kinase-dead PAK2(K278R) sensitized MDCK cells to anoikis (Figures 6A and 6B) . In contrast, cells expressing PAK2(K278R/DPIX) did not differ significantly from control cells in their sensitivity to anoikis ( Figures 6A and 6B ). These results demonstrate that PAK2 kinase activity and bPIX-PAK2 complex formation are required for anoikis resistance.
Our data suggested a model whereby the targeting of PAK2 to adherens junctions, via a bPIX-dependent association with Scrib, is required to counteract apoptosis sensitization elicited by Scrib and E-cadherin. To test this hypothesis, we took advantage of the observation by others that the LRR region in Scrib is both necessary and sufficient to mediate membrane targeting and tumor suppression [19, 20] . We generated a chimeric protein consisting of the LRR region of Scrib fused to the amino-terminus of constitutively active, Myc-tagged PAK2, which furthermore was rendered defective in binding bPIX to avoid confounding effects from interaction with bPIX. The resulting LRR-PAK2(T402E,P185G,R186A) fusion protein, termed LRR-PAK2*, localized to areas of cell-cell contact similar to LRR-Myc alone ( Figure 6C) . Notably, expression LRR-PAK2* but not LRR-Myc conferred protection against anoikis in cells depleted of bPIX (Figures 6D and 6E ). In contrast, expression of a corresponding LRR-PAK1(T423E, P193G,R194A) fusion protein, termed LRR-PAK1*, did not attenuate anoikis in bPIX-kd cells (Figures S6A and S6B) . Intriguingly, at earlier time points LRR-Myc showed a pronounced enhancement of death in bPIX-kd cells, thus suggesting that this domain was sufficient to confer sensitization to apoptosis ( Figures S6C and S6D) . However, overexpression of LRR-Myc in MDCK cells with normal levels of bPIX had no effect on cell viability ( Figure S6E ). This was not surprising, because the levels of LRR-Myc expression achieved were insufficient to displace endogenous Scrib from membranes ( Figure S6F ), thus suggesting that the endogenous ScribbPIX-PAK2 complex functioned in trans to suppress apoptosis promoted by LRR-Myc. Finally, of note, neither LRR-Myc nor LRR-fusion protein affected cell-cell adhesion, as evidenced by cell-cell aggregation assays ( Figure S3A ).
Targeting of PAK2 by Scrib to Adherens Junctions Is Required for Tolerance of Osmotic Stress
Our results demonstrate that activated PAK2 is required for survival of confluent, but not subconfluent, epithelial monolayers. PAK2-dependent survival signaling requires its association with bPIX, which facilitates the indirect association of PAK2 with Scrib. In turn, Scrib targets the bPIX-PAK2 complex to adherens junctions, where our data suggest activated PAK2 signals survival. To test this model in a normal physiological context, we determined the localization and function of the complex in response to hyperosmolarity. Although PAK has been reported to be a component of the MAPK signaling pathway activated hyperosmotic shock [21] , the significance of PAK activation in adaptation to osmotic stress is unknown. Moreover, osmotic stress was recently shown to alter the localization of several polarity proteins, including Scrib, and there is growing evidence to suggest that Scrib may be intimately linked to the control of MAPK kinase signaling [22, 23] .
As previously reported in cultured endothelial cells [24] , confluent MDCK cells exposed to osmotic shock show enhanced membranous staining of E-cadherin, indicative of dynamic reorganization of adherens junctions ( Figure 7A ). PAK2-specific antibodies confirmed its localization to adherens junctions ( Figure 7A ). Importantly, localization of PAK2 to adherens junctions was enhanced by osmotic shock. To determine whether PAK2 associated with adherens junctions was active, we stained cells with an antibody capable of detecting phosphorylation of PAK1 and PAK2 at a site thought to reflect complete kinase activation. Indeed, osmotic shock resulted in an acute increase in the levels of phosphorylated PAK associated with adherens junctions ( Figure 7B ). Like bPIX, the localization of activated PAK to adherens junctions was dependent on Scrib ( Figures 7A and 7B) . As an independent readout of PAK activation, we performed western blotting analysis of cell lysates using an antibody that detects autophosphorylated PAK1 and PAK2. Osmotic shock induced rapid activation of a single protein that ran at a molecular weight consistent with PAK2 ( Figure 7C ). Consistent with PAK2 functioning at adherens junction in polarized epithelia, activation of PAK2 by osmotic shock was dependent on Scribble (Figure 7C) . Interestingly, the levels of endogenous bPIX increased rapidly following osmotic shock, again suggesting an intimate connection between pathways activated under hyperosmotic conditions and the bPIX-PAK2 complex. Specific knockdown of PAK1 and PAK2 established the selective activation of PAK2 by osmotic shock in MDCK cells ( Figure 7D) .
Finally, we examined the effect of bPIX or PAK2 knockdown on the ability of cells to tolerate hypertonic stress. These experiments were conducted at a cell density when cells had just reached confluency and below the threshold of significant apoptosis in bPIX-kd or PAK2-kd cultures. Osmotic shock induced substantially increased apoptosis in bPIX-kd and PAK2-kd cells, indicating reduced tolerance to a normal physiological environment of kidney epithelial cells ( Figures  7E and 7F ). Taken together, these results suggest an obligatory role for the Scrib-bPIX-PAK2 complex in modulating signaling and cellular response to physiogical stress.
Discussion
Here we establish that differentiated epithelial cells rely on a survival signaling network associated with adherens junctions that is distinct from that used at cell-matrix adhesions ( Figure S7) . Specifically, we demonstrate that epithelial cells are critically dependent on Scrib-mediated localization of a bPIX-PAK2 complex to adherens junctions to counterbalance the apoptosis-promoting effects of E-cadherin engagement. As a result, disruption of bPIX-PAK2 signaling results in a near complete loss of epithelial viability at confluent density. Consistent with an established role in phosphorylating cellular targets involved in apoptosis [18] , a functional kinase domain is required for PAK2-dependent survival signaling. In subconfluent cultures, where the bPIX-PAK2 complex localizes to focal adhesions, the complex is dispensable for cell survival. Thus, as epithelial cells form cell-cell junctions and polarize, they become critically dependent on a prosurvival signal provided by the bPIX-PAK2 complex at adherens junctions.
To date, the only direct evidence for the function of PAKs at adherens junctions is in the regulation of cadherin adhesiveness and actin-dependent cell contractility [25, 26] . While invoked by prior findings, our results demonstrate for the first time that Scrib via its association with bPIX promotes targeting of PAK2 to adherens junctions. In cultured human keratinocytes, PAK1 has been reported to augment cadherin adhesiveness in response to activated Rac [26] . PAK1 and PAK2 have also been reported to enhance and suppress, respectively, loss of cell-cell contacts in response to hepatocyte growth factor [27] . Our results suggest that neither PAK1 nor PAK2 play a major role in steady state junctional integrity in MDCK cells. However, because MDCK cells express both PAK1 and PAK2, we cannot exclude the possibility that they may function redundantly in regulation of E-cadherin adhesiveness and/or junctional remodeling.
bPIX and PAKs have been most extensively characterized for their role in focal adhesion dynamics, where they play a coordinated role in regulating turnover of these integrin attachment sites and promoting directional motility [28] . PAK1 and PAK2 appear to have nonredundant functions in cell invasion and motility [29, 30] . Moreover, there is evidence to suggest that when localized to focal adhesions, the bPIX-PAK complex promotes mitogenic signaling and that redistribution of the complex from focal adhesions to adherens junctions contributes to the cessation of epithelial proliferation and establishment of contact inhibition [31, 32] . Scrib also shuttles between adherens junctions and protrusive membrane structures where it promotes bPIX-PAK complex-dependent cell motility [2] . It will be interesting to determine whether Scrib will play a role in redistribution of the bPIX-PAK2 complex from focal adhesions to adherens junctions, which occurs as cells undergo contact inhibition [31, 32] . In brief, taken together with our present work, these studies suggest that PAKs have distinct roles when localized to focal adhesions and adherens junctions. When localized to focal adhesions, PAKs participate in signaling pathways that control proliferation and motility, whereas at adherens junctions PAKs regulate adhesiveness and survival. As such, the translocation of the bPIX-PAK complex from to lateral membranes upon formation of stable adherens junctions likely plays a fundamental role in the transition from motile and mitogenic states to a nonmotile and quiescent state.
E-cadherin is a potent inhibitor of multiple signaling pathways and plays a fundamental role in suppression of motility and proliferation upon establishment of cell-cell contact [33] . The ability of Scrib to promote E-cadherin adhesiveness may underlie some of its tumor suppressive potential in mammalian cells [3] . However, increasing evidence suggests that Scrib also plays E-cadherin-independent roles in the regulation of signaling pathways, such as inhibition of ERK and AKT, as well as activation of Hippo signaling [23, 34, 35] . These Scrib-dependent effects would be predicted to sensitize cells to apoptosis; a prediction supported by our present results, which furthermore establish that Scrib-mediated apoptosis is counterbalanced by its recruitment of active PAK2. Taken together, these findings demonstrate that Scrib transduces both pro-and anti-apoptotic stimuli.
Metastasis requires that cells tolerate the loss of matrix adhesion, i.e., that they are protected against anoikis [10] . However, in spite of seminal work by Frish and Francis suggesting a role for cell-cell adhesion in modulating anoikis [36] , the role for epithelial architecture in anoikis remains unappreciated and poorly characterized. Nevertheless, there is growing evidence indicating that loss of E-cadherin function suffices to abrogate anoikis [37] [38] [39] . Our results support a key role of adherens junctions in modulating anoikis. In simple polarized epithelia, which likely rely on the summation of survival signals emanating from both focal adhesions and adherens junctions, apoptotic stimuli emanating from E-cadherin will sensitize cells to anoikis ( Figure S7 ). In contrast, suprabasal cells in stratified epithelia depend exclusively on survival signals from adherens junctions. PAK2 is highly expressed in suprabasal keratinocytes, which may suggest that upregulation of PAK2-dependent survival signals emanating from adherens junctions are required to offset loss of integrin-mediated survival signaling [40] . In summary, our results indicate that E-cadherin does not function simply as a prosurvival or proapoptotic factor but rather as a regulatory node to coordinate death and survival signaling. The balance between pro-and antiapoptotic signaling emanating from adherens junctions plays a key role in epithelial cell viability and is likely essential in regulating diverse processes, including epithelial morphogenesis, wound healing, physiological stress, and metastasis.
Experimental Procedures
Antibodies, Plasmids, and Reagents A description of antibodies, plasmids, and other reagents is included in Supplemental Information.
Cell Culture and Retroviral Transduction TR-T10 MDCK cells expressing TetR were kindly provided by Sanjay Pimplikar and propagated in DMEM with 10% FCS. Retroviruses for transduction of shRNA constructs were produced in 293 Phoenix cells and used to infect TR-T10 cells. Infected cells were selected in 2.5 mg/ml of puromycin or 200 mg/ml hygromycin. Knockdown was induced in subconfluent cultures by addition of 4 mg/ml of doxycycline (dox) for a minimum of 72 hr prior to experimentation.
Tet-off MDCK cells permitting conditional expression of hemagglutinin (HA)-tagged dominant-negative E-cadherin (DN-E-cad) were cultured as described elsewhere [41] . This DN-E-cad has had 390 amino acids of the extracellular domain of E-cadherin deleted and an HA-tag inserted in the remaining extracellular moiety [42] . To induce expression of DN-E-cad, we removed dox 3 days before experimentation. Transfection with siRNA duplexes was performed with cells grown in the absence of dox, because it reduced transfection efficiency. After transfection, dox was added back to suppress expression of DN-E-cad where required.
LLC-PK1, T47D, and MCF7 cells were grown in DMEM containing 10% FCS. The medium for MCF7 cells was further supplemented with 100 ng/ml insulin.
Confocal Fluorescence Microscopy
Cells processed for GIT2, PAK2, and phospho-PAK staining were fixed for 2 min at room temperature with methanol and acetone (50:50 v/v). All other samples were processed as previously described [6] .
Replating Assay Dox-treated cell lines grown at subconfluent density for 72 hr were harvested by trypsinization and 2 3 10 6 single cells in were plated in a volume of 2 ml into 35 mm wells. At designated time points, detached cells in the medium were pelleted onto glass coverslips by cytospin centrifugation. Adherent and detached cells were fixed with 2% paraformaldehyde and processed for immunofluorescence. For preparation of total cell lysates, adherent cells were harvested by cell scraping and pelleted along with detached cells. Cells were lysed in Laemmli buffer containing 6 M urea, boiled, and subjected to immunoblotting. To block apoptosis, we used z-VAD-FMK at 50 mM. The 24 kD PARP fragment, quantified by densitometry using ImageJ, was used as a read-out of apoptosis.
Anoikis Assay Dox-treated knockdown cells grown at subconfluent density for 72 hr were harvested by trypsinization, and 2 3 10 6 single cells in a volume of 2 ml were plated into 24-well ultra-low attachment plates (Corning). For immunofluorescence microscopy, cells were first triturated by 20 passages through a 2 ml tissue culture pipette. A cell number of 1 3 10 5 in 200 ml were pelleted onto coverslides by cytospin centrifugation and fixed with 2% paraformaldehyde. For fluorescence microscopy, cells were incubated for 16 hr with 50 mM FITC-VAD-FMK and fixed with 2% paraformaldehyde but not detergent permeabilized. For flow cytometry, cells were labeled for 16 hr with 10 mM FITC-VAD-FMK. Labeled cultures were pelleted, suspended in 1 ml trypsin, and incubated for 5 min at 37 C. The trypsin was neutralized by addition 1 ml FCS and the cells triturated by 20-30 passages through a 2 ml tissue culture pipette. Cells were then pelleted and resuspended in PBS at a concentration of 4 3 10 6 cells/ml and analyzed by flow cytometry. For PARP assays, the 24 kD PARP fragment was used to detect apoptosis and quantified by densitometry using ImageJ as detailed in Figure S2C .
TUNEL Analysis
Cells were fixed with 2% paraformaldehyde for 30 min and rinsed twice with PBS and once with distilled water. Cells were permeabilized with ice-cold 70% (v/v) ethanol for 30 min on ice and subsequently labeled according to the manufacturer's instructions (In Situ Cell Death Detection Kit; Roche).
Statistical Analyses
Unpaired two-tailed Student t tests were performed as previously detailed [43] .
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